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PRODUCTION OF STABLE AQUEOUS DISPERSIONS OF CARBON NANOTUBES 

GOVERNMENT INTERESTS 

TMsmvention was made Government siQ>portim(^ awarded by 

the National Aeronautics and Space Administration. The Govermnent has certain rights in the 
invention. 

5 

CROSS-REFERENCE TO RELATED APPLICATtONS 

This application claims priority from U.S. Provisional Patent Application Serial No. 
60/303,8 1 6, entitled "Isolation and Purification of Single Walled Carbon Nanotube Structures", 
and filed July 10, 2001 The disclosure of the above-mentioned provisional application is 
10 incorporated herein by reference in its entirety. 

BACKGROUND OF THE INVENTION 

1. Technical Field 

The present invention relates to methods for isolating and purifying single-walled carbon 
1 5 nanotubes fcom contaminating materials, such as carbon and metal catalyst particles, present in 
the unpurified material following production of tiie single-walled carbon nanotube structures. 
Specifically, the present invention relates to utilizing solutions of suitable dispersal agents to 
isolate and purify individual smgle-walled carbon nanotube structures from a raw material 
including bundles of nanotube structures. 

20 

2. Description ofthe Related Art 

Hiere has been significant mterest in the chemical and physical properties of carbon 
nanotube structures since their discovery in 1991, due to the vast number of potential uses of 
25 such structures, particularly m the field of nanotechnology, composite materials, electronics and 
biology. Accordingly, there has been an increase in demand in recent years for carbon nanotube 
structures for research and application purposes, resulting in a desire to produce in an efficient 
maimer single-walled carbon nanotube (S WONT) structures that are free of impurities and easily 
separable for their proper characterization. 



1 
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The three most common mamificturing methods developed for the production of 
SWCNT structures are high pressure carbon monoxide (HipCO) processes, pulsed laser 
vaporization (PLV) processes and arc discharge (ARC) processes. Each of these processes 
produce SWCNT structures by depositing free carbon atoms onto a surfece at high temperature 
5 and/or pressure in the presence of metal catalyst particles. The raw material formed by these 
processes includes SWCNT structures fonned as bundles of tubes embedded in a matrix of 
contaminating material composed of amorphous carbon (i.e., graphene sheets of carbon atoms 
not fomimg SWCNT structures), metal catalyst pardcles, organic impurities and various 
fiillerenes depending on the type of process utilized. The bundles of nanotubes that are formed 

10 by these manufacturing methods are extremely difficult to separate. 

In order to fully characterize the physical and chemical properties of the SWCNT 
structures fonned (e.g., nanotube length, chemical modification and surface adhesion), the 
contaminating matrix surrounding each stractuie must be removed and the bundles of tubes 
separated and dispersed such that each SWCNT structure may be individually analyzed. By 

IS maintaining an appropriate dispersal of individual SWCNT structures, characterization of the 
nanotubes formed may be accomplished in a mechanistic manner. For example, it is desirable 
to easily analyze and characterize dispersed SWCNT structures (e.g., determine change in 
nanotube length, tensile strength or incorporation of defined atoms into the carbon matrix of the 
SWCNT structure) based upon a modification to one or more elements of a manufacturing 



It is fiirther highly desirable to produce individual and discrete SWCNT structures in a 
form rendering the structures easily manipulable for use in the previously noted fields. At best, 
existing methodologies ceqpable of physically manipulating discrete material components require 
elements that are measured on micron-level dimensions rather than the nanometer level 

25 dimensions of conventional partially dispersed and purified SWCNT structures. However, 
biological systems routinely manipulate with precise spatial orientation discrete elements (e.g., 
proteins) havmg physical dimensions on the order less than SWCNT structures. Thus, if 
SWCNT structures could be biologically derived so that biological 'tools", such as 
immunoglobulins or epitope-specific binding proteins, could be utilized to specifically recognize 

30 and physically manipulate the structures, the possibility of accurately spatially orienting of 
SWCNT structures becomes feasible. In order for this approach to be realized, the SWCNT 



20 method. 
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Structures must be individually separated firom the raw material in a manner consistent with tbe 
optimal functioning of biological compounds during both the biological S WCNT derivitization 
and the manipulation processes. In other words, the SWCNT structures must be produced as 
individual, freely dispersed structures in an aqueous buffer system that exhibits a nearly neutral 
5 pH at ambient temperatures in order to effectively manipulate the structures. 

Current methods for purifying and isolating SWCNT structures by removing the 
contaminating matrix sunounding the tubes employ a variety of physical and chemical 
treatments. These treatments include high temperature acid reflux of raw material in an attempt 
to chemically degrade contaminating metal catalyst particles and amorphous carbon, the use of 

1 0 magnetic separation techniques to remove metal particles, the use of differential centrifugation 
for separating the SWCNT structures from the contaminating material, the use of physical sizing 
meshes (i.e., size exclusion columns) to remove contaminating material from the SWCNT 
structures and physical disruption of the raw material utilizmg sonication. Additionally, 
techniques have been developed to partially disperse SWCNT structures m organic solvents in 

IS an attempt to purify and isolate the structures. 

All of the currentiy available methods are limited for a number of reasons. Initially, it 
is noted that current purification methods provide a poor yield of purified SWCNT structures 
from raw material. A final SWCNT product obtained fit)m any of these methods will also 
typically contain significant amounts of contaminating matrix material, with the purified 

20 SWCNT structures obtained existiug as ropes or bundles of nanotubes thereby making it difficult 
toaiialyzeandcharacterizethefitidSWCNTstructuresthatareobtai^ These methods further 
typically yield purified SWCNT structures of relatively short lengths (e.g., ISO - 2S0 nm) due to 
the prolonged chemical or physical processing required which causes damage to the nanotubes. 
Additionally, anumber of isolation techniques currentiy utilized require organic solvents or other 

2S noxious compounds which create environmental conditions unsuitable for biological 
derivitization of SWCNT structures. Q^anic solvents currentiy utilized are capable* bf 
solubilizing SWCNT structures in bundles and not individual, discrete tubes. Furthermore, 
present isolation techniques reqmre prolonged periods of ultra-speed centrifugation (i.e., above 
100,000xg) in order to harvest nanotube stmctures from solvents or other noxious compounds 

30 used to remove contaminating matrix material from the nanotubes. 
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Presently, fhe overv^elming problem for industrial and academic laboratories engaged: 
in the use of carbon nanotubes for research as well as other applications is the limited source of 
discrete, completely separated S WCNT structures. Mvestigations into the vast potential of uses 
for S WCNT structures are being hampered by the limited supply of well characterized S WCNT 
5 material free of significant amounts of contaminants like amorphous carbon and metal catalyst 
particles. 

Accordingly, there presently exists aneed for harvesting high yields of purified SWCNT 
structures from the raw material of a carbon nanotube production process in a &st and efficient 
manner to meet the demand for such structures. Additionally, it is desirable to provide SWCNT 
1 0 structures as discrete and individual structures (i.e. , not bimdled together) , having suitable lengths 
and well characterized for biological derivitization and easy manipulation. 

SUMMARY QF THE INVENXtQN 
Therefore, in light of the above, and for other reasons that will become apparent when 
IS the invention is fully described, an object of the present invention is to provide a mpid £ind 
effective method of isolating and purifying SWCNT structures disposed within a raw material 
containing contaminants to obtain a high product yield of quality SWCNT structures having 
appropriate lengths suitable for different applications. 

Another object of the present invention is to provide a method of dispersing isolated and 
20 purified SWCNT stmctures in solution from the raw material so as to yield discrete and separated 
nanotube structures suitable for different applications. 

A further obj ect of the present invention is to provide a method of dispersing isolated and 
purified SWCNT structures in a suitable solution to render the structures suitable for biological 
derivitization procedures to efifect easy manipulation of the SWCNT structures. 
25 A further object of the present invention is to produce an aqueous dispersion of single, 

discrete SWCNT's that remains stable over a prolonged period of time (i.e. weeks to months), 
a dispersion in which aggregation or "flocking*' of SWCNTs does not occur. 

The aforesaid objects are achieved in the present invention, alone and in combination, by 
providing a method of dispersmg a matrix of raw material including SWCNT structures and 
30 contan^nants in an aqueous solution containing a suitable dispersal agent to separate the 
individual SWCNT stnictures from the matrix, thus purifying and dispersiiig the struck 
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the solution. In solution, the dispersal agent surrounds and coats the individual SWCNT 
structures, aUovdi^ the stnictuies to maint^ 

separation of the structures from solution. Suitable dispersal agents useful in practicing the 
present invention are typically reagents exhibiting the ability to interact with hydrophobic 
5 compounds while conferring water solubility. Exemplary dispersal agents that can be used in the 
present invention include synthetic and natural detergents, deoxycholates, cyclodextrins, 
poloxamers, sapogenin glycosides, chaotropic salts and ion pairing agents. 

The above and still further objects, features and advantages of the present invention will 
become apparent upon consideration of the follovdng detailed description of specific 
1 0 embodiments thereoi^ particularly v/bea taken in conjunction with the accompanying dravsdngs 
wherein like reference numerals in the various figures are utilized to designate like components. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Fig. la is plot of % transmission (%T) values for aqueous solutions containing three 
IS synthetic detergents having varying surfactant strengths. 

Fig. lb is a plot of % transmission (%T) vs. time for the aqueous solutions of Fig.: 2aj 
wherein the solutions have imdergone evaporation. 

Fig. Ic is a plot of % transmission (%T) vs. time for aqueous solutions of Fig. 2a, 
wherein the solutions have undergone no evaporation. 
20 Fig. 2 is a plot of % transmission (%T) vs. time for aqueous solutions containing 

taurocholic acid, Poloxamer 188, saponin and methyl-p-cyclodextrin. 

Fig. 3 is a plot of % Transmission values vs. fraction #'s measured during fractionation 
of metiiyl-p-cyclodextrin dispersed SWCNT structures in a SOOO MW size exclusion column. 

25 1 
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DETADLED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The present inventioii relates to a method for purifying and isolating S WCNT structures 
from raw material by dispersing the structures in an aqueous solution with a biologically active 
dispersal agent The biologically active dispersal agent effects a separation of the SWCNT 
5 structures from contaminating material such that the purified SWCNT structures exist as a 
dispersion of individual and discrete SWCNT structures in solution. As used herein, the term 
**raw material" refers to material formed by any process for producing single-walled carbon 
nanotubes, including, without limitation, the three processes described above. The raw material 
typically contains SWCNT structures embedded in a matrix of contaminating material. The 

10 terms ''contaminating material" and ''contaminants", as used herein, refer to any impurities or 
other non-S WCNT components in the raw material including, without limitation, amorphous 
carbon and metal catalyst particles. 

As previously noted, the currmtmetihods employed forpurifying and harvesting SWCNT 
structures have met with limited success due in part to the traditional view of SWCNT structures 

15 as chemical compounds. In a departure from the traditional view, SWCNT structures are 
considered here as being similar to biologically derived structures. Some noted properties of 
SWCNT structures are as follows (not all of which must be present): they are typically insoluble 
in water; they typically self associate as bundles or ropes; they are made exclusively of carbon; 
and each end of a carbon nanotube will ^ically exhibit different physiochemical properties. 

20 The physical properties of carbon nanotubes are in fact very similar to lipids, which are a class 
ofbiological compounds insoluble in water but capable ofbeing solubilized in aqueous solutions 
including suitable lipid dispersing reagents. As such, the inventors recognized that SWCNT 
structures are readily dispersable within an aqueous solution containing a reagent typically 
suitable for dispersing proteins or lipids in aqueous solutions. 

25 Reagents considered effective in suitably dispersing SWCNT structures in aqueous 

solution are tofened to as dispersal agents. A dispersal agent can be any suitable reagent that is 
effective in substantially solubilizing and dispersing SWCNT structures m an aqueous solution 
by increasing the interaction at the surface interface between each nanotube structure and water 
molecules in solution. The imderlying mechanisms whereby a dispersal agent brings about 

30 dispersion of individual SWCNT structures, from the "bundles" or "ropes'' m which they are 
constitutively formed, iato an aqueous solutionis primarily basedupon the abilityof the dispersal 
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agent to break doym the molecular forces at the sui&ce of the SWCNT preventing water 
molecules from interacting with the SWCNT surfece. In addition to this property, due to the 
large surface area of the SWCNT, it also essential that the dispersal agent have a molecular 
structure that maximizes its ability to reduce hydrophobic interactions between individual 
5 SWCNT's, while also being of a small enough size to easily penetrate into the inter-SWCNT 
spaces. A further requirement of an efficient SWCNT dispersal agent is that it also can remain 
in aqueous solution at a high enough concentration so that a useful dispersal agent concentration 
is maintained for SWCNT "bundle" or '*rope" dispersal, even after a portion of the original 
amount in solution has been utilized for the dispersion of non-S WCNT contaminants in the mw 
10 nanotube material. The dispersal agent is typicaUy added to an aqueous solution in an effecti^^ 
amounttosubstaiitianypurifyajiddisperseSWCNTstructuresinsoM^ The effective amount 
of dispersal agent will vary based tqpon the type of dispersal agent utilized in a particular 
application. 

The dispersal agents are typically synthetic or naturally occurring detergents or any other 
IS composition capable of encapsulating and suitably solubilizing hydrophobic compounds in 
aqueous solutions. Exemplary dispersal agents include, without limitation, synthetic or naturally 
occurring detergents having high surfactant activities such as Nonidet P-40 (NP-40), 
polyoxyethylene sorbitol esters (e.g., TWEEN® and EMASOL™ series detergents), poloxamers 
(e.g., Poloxamer 188 and the Pluronic™ series of detergents) and ammonium bromides and 
20 chlorides (e.g., cetyltrimethylammoniimi bromide, tetradecylanoutnonium bromide and 
dodecylpyrimidinium chloride), naturally occurring emulsifying agents such as deoxycholates 
and deoxycholate-type detergents (e.g., taurocholic acid), sapogenin glycosides (e.g., saponin) 
and cyclodextrins (e.g., a-, or y-cyclodextrin), chaotropic salts such as urea and guanidine, 
and ion pairing agents such as sulfonic acids (e.g., 1 -heptane-sulfonic acid and 1 -octane-sulfonic 
25 acid). 

Naturally occurring emulsifying agents such as taurocholic acid and cyclodextrins are 
highly effective in solubilizing and dispersmg SWCNT structures and m fecilitating biolo^cal 
derivitization of the piuified and isolated SWCNT structures. In particular, cyclodextrins have 
a three dimensional doughnut shaped orientation with a 'torsional" structure composed of 
30 glucopyranose units. The ''torsional" structure ofacyclodextrin molecule aUows it to attract ari^ 
interact with the surface of a SWCNT structure within its central hydrophobic region, even when 
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physically altered from a round '"doughnut" shape to a twisted ^'doughnut" shape, while 
maintaining an outer hydrophilic sur&ce rend^g the molecule soluble in aqueous solutions. 
The solubility of native cyclodextrms in water may also be increased nearly tenfold by 
substitution of, e.g., methyl or hydroxypropyl groups on the cyclodextrin molecule. Greater 
5 solubility of the cyclodextrin in water translates to a greater dispersion and isolation of mdividual 
S Wa>JT structures in solution. Two exemplary cyclodextrin derivatives that are highly effective 
in dispersing SWCNT structures in solution are methyl-p-cyclodextrin (MpC) and 2- 
hydroxypropyl-P-cyclodextrin (2-HP-p-C). However, it is noted that any cyclodextrin (i.e., a, 
p or y), or any suitable derivative thereof, may be utilized in accordance with the present 

10 inventioiL Fiulher, cyclode3ctrins are useM for biological derivitization of SWC>^ 

which have been isolated in solution. Taurocholic acid (TA), which is ^emplary of a suitable 
deoxycholate-type detei^ent capable of substantially dispersing SWCNT structures in solution, 
is produced naturally in mammalian liver tissue. It is also highly effective in &cilitatmg 
biological derivitization of purified and isolated SWCNT structures because, like the 

1 5 cyclodextrins, TA has a molecular shape that allows a large surfece area of SWCNT structures , 
to be coated per molecule of TA. Typically, cyclodextrins and deoxycholates may be utilized to 
suitably disperse SWCNT structures according to the present invention in concentrations ranging 
from about 5 mg/ml to about 500 mg/ml of aqueous solution, with a preferable concentration of 
about SO mg/ml. 

20 Sapogenin glycosides (e.g. saponin), another naturally occurring class of emulsifying 

agent of plant origin, are also capable of dispersing SWCNT stmctures. Like both the 
cyclodextrins and deoxycholale type detergents, these compounds are amphiphilic in nature, have 
a high solubility in water and can act as protective colloids to normally water insoluble 
hydrophobic compounds (i.e., a SWCNT structure) in an aqueous solution. Solubilization of raw 

25 SWCNT material has been achieved at concentrations between 0.1 mg/ml up to 50 mg/ml of 
aqueous solution in the present invention, with a prefemble concentmtion of about 10 n^ml. 

Synthetic detergents suitable for use as dispersal agents here will typically have a high 
svufactant activity and be utilized m amounts of about 50 - 95% of their critical micelle 
concentration (CMC) values. These high surfactant detergents are capable of overcoming 

30 hydrophobic forces at the SWCNT surface/aqueous solution interface by coating the SWCNT 
structures to establish suitable solubility of the SWCNT structures in solution. The surfactant 



8 



wo 03/006725 



PCT/US02/19824 



properties of a synthetic detergent may be chaiacterized in terms of a hydrophilic-lipophilic 
balance (HLB), which provides a measurement of the amoimt of hydrophilic groups to 
hydrophobic groups present in a detergent molecule. In particular, synthetic detergents that are 
suitable for use as dispersal agents here have an HLB value between about 7 and about 13.2. 
5 Limiting the concentration of the synthetic detergent to a suitable level below its CMC will also 
ensure adequate dispersion of the S WCNT structures without the formation of floccular material 
due to self-association of the detergent molecules. Additionally, chaotropic salts (e.g., urea and 
guanidine) are typically utilized as dispersal agents in concentrations ranging firom about 6M to 
about 9M in solution (vdierein ''M^ refers to molarity), whereas ion pairing agents are typically 
10 utilized as dispersal agents in concentrations rangmg fiom about ImM to about 100 mM in 
solution. 

While selection of a suitable dispersal agent as well as a suitable concentration is 
important for achieving a desirable dispersion of S WCNT structures in aqueous solution, other 
&ctors may also enhance the dispersing effect of the dispersal agent. Exemplary factors that 

IS affect dispersion of SWCNT structures in aqueous solutions include, without limitation, the pH 
of the solution, cation concentration (e.g., sodium, potassium and magnesium) in solution, and 
other conditions such as operatmg temperature and pressure. Indeed, due to the unique properties 
of the solvent in this case, namely water, specifically the unique chemical interactions that can 
exist between individual water molecules (i.e. hydrogen bonding, molecular aggregation) it is 

20 predicted that decreasing the operating temperature (rather than increasing the temperature as^ is 
the case in most common chemical reactions) will increase the ability of a dispersal agent to 
disperse SWCNT material due to a reduction in hydrophobic interactions between the SWCNT 
surface and the water molecules at lower operating temperatures (i.e. between 0°C and lO^C). 
By interacting with the surfece of individual SWCNT structures, the dispersal agent molecules 

25 typicaUy surround and coat the e3q)0sed hydrophobic sur&ce of the SWC^ This interaction 
results in the separation of individual SWCNT structures from the bundles in ^ch they were 
formed and from contaniinating matrix material, and due to the amphiphUic nature of the 
dispersal agent maintains the now discretely separated, individual SWCNT structures in the form 
of an aqueous dispersion or colloidal solution. 

30 The raw material containing SWCNT structures typically is added to an aqueous solution 

containing the dispersal agent and appropriately mixed (e.g. , by mechanical agitation or blending) 

9 
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to ensure adequate interaction and coating of dispersal agent molecules with S WCNT structures. 
While the amount of SWQ^ material Aatmay be added to an aqueous dispersal agent solution 
to obtain an effective dispersion of S WCNT structures typically depends upon factors such as 
the specific dispersal agent utilized and its concentration in solution, effective dispersions have 
5 been achieved utilizing concentrations as high as 1 mg/ml of SWCNT structures in aqueous 
dispersal agent solution. Upon adequate mixing, the solution contaming the dispersed S WCOT 
structures may be filtered with an appropriately sized filter (e»g,, about 0.05 - 0.2 /um filtration) 
to remove any insoluble material (e.g., matrix contaminants) remaining in solution. Typically, 
a 0.2 fim filter is utilized to ensure adequate removal of contaminants while preventing caking 

10 ofthefilterandlossofdispersedSWCNT structures. However, smaller pore size filters may also 
be utilized to ensure more efiBcient removal of contaminants. Li situations where a smaller pore 
size filter is implemented, any SWCNT structures that may have become trapped in the filter 
cake may be recovered by resuspension of the cake in dispersal agent solution and repeating 
filtration steps as necessary to obtain a desirable yield Alternatively, a standard cross-flow 

1 5 filtration system can be utilized to reduce the amount of caking that occurs on the sur&ce of the 
filter. 

Additional processing steps, such as centrifiigation or other separation techniques, may 
also be utilized to remove insoluble material and excess dispersal agent firom solution after the 
SWCNT structures have been suitably dispersed therein. Specifically, the SWCNT structures 

20 may be washed to remove excess dispersal agent by subjecting the solution to centrifiigation at 
speeds ranging fi-om about 100 xg to about 10,000 xg to sediment SWCNT structures. < The 
SWCNT structures may then be removed fix}m solution and re-dispersed in distilled water: The 
washing process may be repeated any desired number of times to ensure adequate removal of 
excess dispersal agent. The SWCNT structures may also be separated fix>m excess dispersal 

25 agent and other contaminants in solution via dialysis or the use of an appropriate size exclusion 
column (e.g., a 5000 MW size exclusion column). The resultant solution, which contains 
substantially isolated and purified SWCNT structures coated with dispersal agent, is highly 
usefiil in a variety of applications, particularly nanotechnology research. As for example in the 
case of protem biochemistry, where protein fimction may be negatively impacted by the use of 

30 a particular dispersal agent as a prerequisite to enable the extraction of the protein from 
contaminating matrix, once dispersal of the protein into an aqueous solution has been achieved, 



10 




wo 03/006725 PCTAJS02/19824 

the offending dispersal agent can be substituted with a second dispersal agent. This second 
dispersal agent also maintains the protein molecule in aqueous solution but is more appropriate : 
for those applications where protein function is paramount. In a similar fiishion, once dispersal 
of SWCNT matoial has been achieved, if necessaiy the primary dispersal agent can be 
5 substituted with a second dispersal agent that is more suitable for the envisioned use. For 
example, a cyclodextrin can be used as the primary dispersal agent to produce a stable dispersion 
of individual SWCNT's in an aqueous solution. The cyclodextrin dispersal agent can then be 
substituted with, for example, a secondary dispersal agent such as Poloxamer 188. The 
secondary dispersal agent provides a matrix material that coats the surface of individual 

10 SWCNT's that is easily polymerized to form, for example, an SWCNT-containing composite 
material, or a readily accessible source of chemical groups now associated with the surface of the 
dispersed SWCNT's that can be easily modified using standard chemistries. 

One central aim of the present invention is to ensure that SWCNT's are dispersed in an 
aqueous solution in the form of mdividual, discrete nanotubes (i.e., a complete dispersion). One 

IS charact^stic of SWCNT material dispmed man aqueous solution that contain 

remain either in non-dispersed bundles or that have been individually separated but have re- 
associated into bxmdles (i.e., an mcomplete dispersion), is that the SWCNT material re-associates 
into large aggregates or 'floes" which in turn sediment out of solution. This process occurs 
within a matter of minutes to hours, even after filtering the dispersion through a 0.2 micron filter. 

20 In the case of a complete dispersion, filtering the solution through a 0.2 micron filter results in 
a colored liquid that essentially does not flock or aggregate over time and remains stable (i.e., no 
flocking) for extended periods of time. As long as tiie relative concentration of the dispersed 
S WONT'S or dispersal agent in the aqueous solution is not mcreased by evaporation of water the 
dispersion r^nains stable (i.e., SWCNT's remain as single discrete nanotubes in the aqueous 

25 solution). 

The maximum concentration of SWCNT material that can be maintained in solution by 
a particular dispersal agent is related to the total surface area of the individual SWCNT's present 
in the solution. A complete aqueous dispersion of SWCNT material exists where there is a 
balance between the amount of SWCNT surface area exposed to the solvent (i.e., water) and the 
30 amount of dispersal agent available to interact with that exposed SWCNT surface in order to 
confer water solubility on the SWCNT. The amount of dispersal agent available to interact with 
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the exposed S WCNT surface in aqueous solution is in turn dependent on the water solubility of 
the particular dispersal agent and the amount of SWCNT surface area that each mdividual 
dispersal agent molecule is capable of interacting with. As such, there is a maximal amount of 
SWCNT material that can be completely dispersed at a particular concentration of a particular 
5 dispersal agent The maximal amount of SWCNT material that can be dispersed using a 
particular dispersal agent is achieved at or below the concentration of dispersal agent in aqueous 
solution where self-association of the dispersal agent occurs (known as the CMC in the case of 
detergents and Cloud Point in the case of emulsifying agents). In addition, the amount of 
SWCNT material that can be dispersed in such a dispersal agent solution caimot however exceed 

1 0 the satumtion concentration of individual, discrete SWCNT' s in solution, which due to their large 
physical size exhibit colloidal properties. This maximum SWCNT concentration is in turn 
dependent on the length of the SWCNT (i.e., its molecular size), the longer the SWCNT the 
lower the maximal concentration that can be maintained as a complete dispersion in an aqueous 
solution at a constant dispersal agent concentration. Based on this understanding, for a particular 

IS dispersal agent dissolved at its optimal concentration in water, there is also a maximum 
concentration (i.e., number) of SWCNT's that can be maintained as a complete aqueous 
dis^jersion, where that maximum number is directly related to the surface area of the SWCNT's 
in solution. 

For example, a SWCNT of 100 nm in length and 1 nm in diameter has an exposed 
20 external surface area of IOOtc nm^. A SWCNT of 10,000 nm (e.g. 10 microns) in length and 1 
nm in diameter has an exposed external sur&ce area of 10,0009r nml As such, it requires the 
same amount of dispersal agent to maintain one hundred, 1 00 nm long SWCNT's as a complete 
dispersion as it does to keep a single 10 micron SWCNT in complete dispersion. This example 
demonstrates the importance of the relationship between (1) molecular shape of the dispersal 
25 agent (le., the amount of SWCNT surface area that a smgle molecule of dispersal agent can 
interact with), (2) concentration of the dispersal agent in solution, (3) overall closed SWCNT 
sur&ce area (related to SWCNT lengtii) and (4) the maximal amount of SWCNT material that 
can exist as a complete aqueous dispersion. 

The following examples disclose specific methods for isolating and purifying SWCNT 
30 structures fi'om rawmaterial containing contaminants. Specifically, NP-40, TA, Poloxamer 1 88, 
saponin and a cyclodextrin derivative are utilized to show the effect of each in dispersing 
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S WCNT Structures in aqueous solution. The raw material containing SWCNT structures for 
each example was obtained utilizing a PLV process. However, it is noted that the SWCNT 
structures may be isolated and purified utilizing raw material provided via any process. It is 
further noted that the examples are for illustrative purposes only and in no way limit the methods 
S and range of dispersal agents contemplated by the present invention. 

EXAMPLE 1 

Raw material containing bundled SWCNT structures was mixed into three synthetic 
detei^ent solutions known for solubilizing proteins and lipids in aqueous solutions. The three 

1 0 syatfaetic detergents utilized were NP-40, SDS and TX-1 00. These detergents were selected due 
to their differing physical properties and to demonstrate how the sur&ctant activity of the 
detergent affects the dispersion of SWCNT stmctures in solutioa SDS is a strong anionic 
detergent that solubilizes compounds in wat^ by virtue of coating the compounds with a layer 
of negatively-charged, water soluble detergent molecules. In contrast, botibi TX-1 00 and NP-40 

IS are non-ionic detergents fhat function via hydrophobic interactions with the surface of a 
compound, thereby forming a water soluble layer of detergent molecules around the water 
insoluble compound. The surfactant properties (i.e. ability to decrease surface tension between 
aqueous and non-aqueous phases) for NP-40 are much greater than SDS and TX-1 00. Reported 
HLB values for each of these detergents are as follows (e.g., see Kagawa, Biochim. Biophys. Acta 

20 265: 297-338 (1972) and Helenius et al.. Biochim. Biophys. Acta 415: 29'-79 (1975)): 
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Detergent 



HLB 



SDS 



40 



TX-lOO 



13.5 



NP-40 



13.1 



Three aqueous solutions were each prepared as follows. A 1 mg (total dry weight) 
amount of raw material was solubilized in 1 ml of double glass-distilled, deionized water 
(ddHjO) containing one of the detergents (e.g.., SDS, TX-1 00 or NP-40) at 50% of its respective 
CMC value. Each solution was subsequently vortexed for 30 ndnutes at room temperature. The 

10 resultant dispersions were passed through a 0.2 /zm cellulose acetate filter to remove any 
particulate matter. Conventional spectroscopy methods were employed to measure the percent 
transmission (%T) of each solution at a wavelength of 450 nm (path length of 3 mm). 

The %T value of each the solutions was measured to provide an indication of solution 
color and thus comparatively determine the ability of each deteigent to effectively disperse 

15 SWCNT structures within solution. Specifically, %T values are inversely proportional to the 
degree of color in solution. If SWCNT structures are bundled together in a particular solution 
(or begin to re-aggregate into bundles), flocular material forms removing SWCNT structures 
from solution by sedimentation, thus decreasing the color and increasing the %T value over time. 
Alternatively, if SWCNT structures remain dispersed in solution, no flocking occurs and the 

20 color solution remains consistent. Therefore, a lower %T value measured in the filtrate would 
indicate a higher level of dispersion of SWCNT material in solution, and a constant %T over 
time reflects a stable SWCNT dispersion. 

The plots illustrated in Figs. 1 a - Ic provide %T data for solutions containing SDS, TX- 
100 and NP-40, respectively, with and without SWCNT structures. The unshaded bar portions 

25 in Fig. la represent %T values measured for each detergent solution absent any mw material. 
The %T value for tiie shaded bar portions represent %T values measured for each detergent 
solution containing SWCNT structures at a time shortly after 0.2^m filtration of the solution. 
The shaded bar data of Fig. 2a clearly indicates that NP-40, which has the greatest surfactant 
properties, has a much lower %T value than both SDS and TX-lOO and thus provides a 

30 substantially more effective dispersion of SWCNT structures in aqueous solution. 
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To illustrate the effect of deteigent concentration on S WQ^ dispersion in solution, the 
solutions containing SWQTT structures were allowed to evaporate from an initial volinne of 150 
jul to a final volume of 50 (A over a period of 16 hours at room temperature. Intermittent %T 
measurements were taken, and the results are illustrated in Fig. lb. The %T values for each 
5 solution containing a detergent and SWCNT structures increasedwithtune(Le., correlating with 
a decrease in color), which coincided with a noticeable appearance of flocular material in the 
detergent dispersions thus indicating that nanotubes were beginning to re-associate into larger 
bundles that were msoluble in water. The test results indicate that, as the detergent concentration 
increases above its CMC value, micelle formations occur in solution resulting in reduced 

10 dispersion of the SWCNT structures. Thus, selection of detergent concentration is very 
important in maintaining dispersion of the SWCNT structures in solutioiL Alternatively, the 
results (Fig. lb) could indicate that as the volume of the solution decreased due to water 
evaporation, not only did the relative concentration of the detei^ent increase above its CMC 
resulting in a functional decrease in the amount of dispersal agent available to maintain discrete 

15 mdividual SWCNT's m solution, but so too did the relative concentration of the SWCNT's m 
the solution. Due to the colloidal nature of the SWCNT dispersion, this process could in 
isolation, or, in conjunction with the detergent concentration rising above the CMC, result in re- 
aggregation or **flocking" of S WCNT*s in the dispersion, an event that in turn is reflected by an 
increase in %T. 

20 A fiirther test was conducted with solutions prepared in a substantially similar maimer 

as the previous solutions. However, these solutions were stored in sealed vials at room 
tCTiperature so as to prevent their evaporation. As indicated bythedatadepictedinFig. Ic, there 
was relatively no change in %T value for each of the different detergent solutions and no 
noticeable appearance of flocular material after a 72 hour period, or an inc^ase in %T after a , 

25 second round of filtration through a 0.2^m filler. 

The data of example 1 mdicatestimt a strong sur&ctant such as NP-40 is highly effective 
in dispersing SWCNT structures in aqueous solutions ^en utilized in an e£fective amount 
Further, NP-40 can maintain a suitable dispersion of tiie structures in, solution for extended 
periods of time. Weaker surfactants having HLB values greater than 1 3 .2, such as SDS and TX- 

30 100, may provide some dispersion but will not be effective in substantially isolating and 
purifying SWCNT structures from raw material. 
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EXAMPLE2 

Aqueous solutions of each of the TA, Poloxamer 1 88, saponin and MpC were prepared 
alone and with raw material as follows. Specifically, each solution was prepared by solubilizmg 
1 mg of the raw material in 1 ml of ddHjO containing either 50 mg/ml of TA, 50mg/ml of MpC, 
5 1 0 mg/ml of saponin or 2% (v/v) Poloxamer 1 88. Each resultant solution was vortexed for 30 
minutes at room temperature and then filtered through a 0.2 fum cellulose acetate filter. The %T 
values were measured for the filtrates at room temp^ature immediately after filtration, 72 hr after 
storage in a sealed vial of the original filtered solutions and again immediately after a second 
filtration of the stored solutions. Dispersal agent/S WCNT-containing solutions were compared 

1 0 to aqueous solutions contaming dispersal ag&A alone treated in an identical &shion. 

The %T values illustmted in Fig. 2 reveals that the SWCNT structures remained 
disp^ed in the TA, Poloxamer 1 88, saponin and MpC filtrates for the entire 72 hour period, as 
is evident from the relatively constant %T values measured for each filtrate over that time period. 
As demonstrated in Fig. lb, if flocking or re-aggregation of dispersed SWCNT material occurs, 

1 5 this results in a decrease in the %T of the dispersion. Li addition, if flocking or re-aggregation 
of SWCNT material in the dispersion (Fig. 2) had occurred to any extent during the 72 hour 
period of storage without water evaporation, filtration of this dispersion through a 0.2 jam filter 
for a second time will result in the removal of this re-aggregated or flocked material resulting in 
a decrease in %T value of the dispersion. The data further indicates MpC filtrates had; 

20 considerably lower %T values, correlating to a greater dispersion of SWCNT structures^ than 
either the TA, the Poloxamer 188, or saponin filtrates and the NP-40 filtrate of Fig. 2c. No 
significant increases in %T values were observed even after a second roimd of 0.2 /zm filtration 
ofeach filtrate after the 72 hour period. The results provided in Fig. 2 clearly indicate that TA, 
saponin, Poloxamer 188 and MpC serve as highly effective dispersal agents, providing 

25 substantial dispersion of the SWCNT structures in aqueous solution for extendedperiods of time. 
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EXAMPLES 

S WCNT structures dispersed in fbe TA and MPC solutions of the previous example were 
separated from the impurities in solution by centrifugation. Specifically, SWCNT structures 
sedimented out of a 1 ml volimie of either solution having a liquid column height of 2.5 cm at 
5 a centrifugation speed of 10,000xg. Inaddition, sub-populations ofSWCNPsdispersedin either 
NP-40, TA, MPC, saponin or Poloxamer 188 can be collected from the same sample by using 
sequentially increasing centrifiigation speeds (e.g. I,000xg,2,500xg,5,000xgand7,500xg). As 
such, these results suggest that as is the case in biological separations where differential 
centrifugation can be used to separate cellular structures based upon their size (e.g., see 

10 Techniques Reviewed in Subcellular Fractionation - A practical cpproach; edited by J[M. 
Graham and D. Ricbvood, IRL Press, O^ord, 1996), a similar approach can be utilized to 
collect SWCNT's of different sizes from the aqueous dispersions described here. It is noted that 
prior SWCNT purification techniques typically require centrifugation speeds in excess of 
lOOjOOOxg to yield any sedimentation of SWCNT structures, an experimental observation that 

15 is consistent with the presence of very short (i.e., less than about 250 nm) SWCNT*s being 
present in such previous solutions. The ability to sediment SWCNT's from the aqueous 
dispersions described in the present invention at the relatively low g-forces indicated above (i.e., 
below 10,000 xg) indicates that the SWCNT structures present in those dispersions must be 
much larger (i.e., longer as the diameter of a SWCNT is a constant dimension of approximately 

20 1 nm) than those previously produced and that require above 10,000 xg forces to bring about 
sedimentation. 

EXAMPLE 4 

Aqueous M^C solutions containing dispersed SWCNT structures were prepared as 
follows. Two hundred /^g of SWCNT containing raw material was solubilized in a 1 ml solution 
of ddHjO containing 50 mg/ml of MpC. The solution was physically homogenized m a 
miniaturizedinversionblenderatabout23,000RPM. The resultant dispersion was subsequently 
5 vortexed for 30 minutes at room temperature followed by lOOxg centrifiigation for 10 minutes 
to sediment any remaining insoluble material. The resultant supernatant was then passed throi^h 
a 5000 MW cut-oflf gravity-fed size exclusion column (10 ml bed volume) in the following 
manner. One ml of the dispersed solution was placed on the top of the column, which had been 
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conditioned with SO ml of ddHsO. One ml fiactions were then collected from the base of the 
column as ddH20 was added to the top of the column. The %T values were measured for each . 
collected fractioa A plot of the %T values vs. fraction# is illustrated in Fig. 3. Colored 
fractions, as indicated by the decreasing %T values, were indicative of dispersions in solution. 
5 Those colored fractions (i.e., fraction#*s 1-10 of Fig. 5) were collected and pooled together. This 
procedure was conducted to remove excess MpC from the SWCNT dispersions. The resultant 
solution containing the dispersed SWCNT structures was centrifuged at 10,000xg to sediment 
SWCNT structures from solution. The supernatant was then discarded and the sedimented 
SWCNT's were resuspended in distUled water to form a stable aqueous dispersion of discrete 

10 separated SWCNT's containing litde or no excess of dispersal agent Again, an approach that 
has commonly been used in biological science to achieve separation of biological molecules, 
iiamely size exclusion chromatography, can be successfuUy called to the ex problems 
encountered m the separation and purification of SWCNT material. Based upon an 
understanding of biological separation techniques, the elution of different amounts of dispersed 

1 5 SWCNT' s from a size exclusion column after different retention times (as indicated by differing 
%T values in each of the fractions, i.e.. Fraction #1-10, in Fig. 3) suggests that discrete 
SWCNT' s truly dispersed in an aqueous solution can be separated and purified on the basis of 
their length using size exclusion chromatography in a similar fashion to that employed for 
separating and purifying proteins of different sizes. In conjunction with the previous Examples 

20 1-3, these data strongly suggest that the approach described in the present invention to solving 
the experimental problems encountered in the sq)aration and purification of SWCNT material, 
based upon the novel and innovative concept that the SWCNT structures behave essentially as 
'"biological" compounds, rather than as a product of physical or organic chemistry, has been 
successfiil. • 

25 Having described novel methods of produdng stable aqueous disp^ons of SWCNT's 

and corresponding products thereof it is believed that other modifications, variations and 
changes will be suggested to those skilled in the art in view of the teachings set forth herein. It 
is therefore to be understood that all such variations, modifications and changes are believed to 
Ml within the scope of the present invention as defined by the appended claims. 
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1 . A method of isolating single walled carbon nanotube structures embedded within 
raw material, the method comprising: 

mixing said structures in a solution including an effective amount of a dispersal 
agent to substantially disp^e said structures within said solution. 

5 

2. The method of claim 1, wherein mixing said structures in said solution 
substantially separates said structures fiom contaminants in said raw material. 

3. The method of claim 1 , wherein said dispersal agent is selected from the groiq) 
1 0 consisting of d^ergents with hig^ sur&ctant activities, deoxycholates, (^clodetrins, chaotropic 

salts, poloxamers, saponin glycosides and ion pairing agents. 

4. The method of claim 1 , wherein said dispersal agent comprises a detergent, and 
said effective amount of said detergent in said solution is no greater than about 95% of a critical 

IS micelle concentration of said detergent 

5. The method of claim 1 , wh^ein said effective amount of said detergent in said 
solution is at least about 50% of a critical micelle concentration of said detergent. 

20 6. Themethod of claim 1, whereinsaiddispersalagentcomprisesadetergenthavihg 

a hydrophilic-lipophilic balance value no greater flian about 13.2. 

7. The method of claim 1 , wherein said dispersal agent is a detergent selected from 
the group consisting of Nonidet P-40, Poloxamer 188, polyoxy ethylene sorbitol esters, . 

25 ammonium bromides and ammonium chlorides. 

8. The mediod of claim 1, wherdn said dispersal agent is selected from the group 
consisting of cyclodextrins, saponin and taurocholic add. 
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9. The method of clahn 8, wherein said efifective amount of said dispersal agent is 
no greater than about 500 mg/ml. 

1 0. The method of claim 8, wherein said effective amount of said dispersal agent is 
S at least about S mg/ml. 

1 1 . The method of claim 1 , wherein said dispersal agent is a cyclodextrin derivative 
selected fix)m the group consisting of methyl-P-cyclodextrin and 2-hydroxypropyl-P- 
cyclodextrin. 

10 

12. The method of claim 1, wherem said dispersal agent is a chaotropic salt selected 
from the group consisting of urea and guanidme. 

1 3 . The method of claim 1 2, wherein the effective amount of said chaotropic salt in said 
IS solution is in no greater than about 9M. 

14. The method of claim 12» wherein the effective amount of said chaotropic salt in 
said solution is at least about 6M. 

20 15. The method of claim 1, wherein said dispersal agent is a sulfonic add, and said 

effective amount of said sulfonic add in said solution is no greater than about 100 rnM. 

16. The method of claim 15, wherein said sulfonic add is selected from the group 
consisting of 1-heptane-sulfonic acid and l*octane-sulfonic add. 

25 

17. The method of claim 1, further comprising: 

separating said structures from said raw material in said solution by at least one of: 

passing said solution through a filter to fomi a purified filtrate of said structures; 

and 

30 passing said solution through a size exclusion column to form a purified solution 

of said structures. 
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18. The method of claim 17, wherein said filtormcludes a pore size no greats 
about 0,20 /mi* 

1 9. The method of claim 1 , further comprising: 

5 centrifuging said solution at a speed in a range no greater than about 10,000xg to 

sediment said structures in said solution; 

removing said structures jfrom said solution; and 

nuxing said structures in a second solution to substantially disperse said structures in said 
second solution, wherein said second solution is substantially free of said dispersal agent prior 
10 to mixing with said structures. 

20. Amethodof purifyingsinglewaUedcaibonnanotubestructuresembeddedwithm 
raw material, the method comprising: 

mixing said structures in a solution including an effective amount of a dispersal agent to 
15 to substantiaUy separate said structures from contanainants in sdd raw material. 

21. A single-walled carbon nanotube product comprising a solution including single- 
walled carbon nanotube structures coated with a di^ersal agent, wherein said structures are 
substantially dispersed within said solution. 

20 

22. The product of claim 21, wherein said structures are further substantially free of 
contaminants. 

23 . The product of claim 2 1 , wherein said dispersal agent is selected from the group 
25 consisting of detergents with high surfactant activities, poloxamers, saponin glycosides, 

deoxycholates, cyclodetrins, chaotropic salts and ion pairing agents. 

24. The product of claim 21, wherdn said dispersal agent comprises a detergent in 
said solution in an amount no greater than about 95% of a critical micelle concentration of said: 

30 det^ent 
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25. The product of claim 21, wherein said dispersal agent comprises a detergent in 
said solution in an amount at least about 50% of a critical micelle concentration of said detergent. 



26. The product of claim 21, wherein said dispersal agent comprises a detergent 
5 having a hydrophilic-lipophilic balance value no greater than about 13.2. 

27. The product of claim 2 1 , wherein said dispersal agent is a detergent selected from 
the gpyxxp consisting of Nonidet Poloxamer 188, polyoxyethylene sorbitol esters, 
ammonium bromides and ammonium chlorides. 

10 

28. The product of claim 21 , wherein said dispersal agent is selected from the group 
consisting of cyclodextrins, saponin and taurocholic add. 

29. The product of claim 28, wherein said dispersal agent is in said solution in an 
1 5 amount no greater than about 500 mg/ml. 

30. The product of claim 28, wherein said dispersal agent is in said solution in an 
amount at least about 5 mg/ml. 

20 31. The product of claim 2 1 , wherein said dispersal agent is a cyclodcTctrin derivative 

selected from &e group consisting of methyl-P-cyclodextrin and 2-hydroxypropyl-P- 
cyclodextrin. 

32. The product of claim 2 1 , wherein said dispersal agent is a chaotropic salt selected 
25 from the group consisting of urea and guanidine. 

33. The product of claim 32, wherein said chaotropic salt is in said solution in an 
amount no greater than about 9M. 

30 34. The product of claim 32, wherein said chaotropic salt is in said solution in an 

amount at least about 6M. 
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35. The product of claim 21, wherein said dispersal agent is a sulfonic add, and said 
sulfonic acid is in said solution in an amount no greater than about 1 00 mM. 

36. The product of claim 35, wherein said sulfonic acid is selected from the group 
5 consisting of 1-heptane-sulfonic acid and 1-octane-sulfonic acid. 



37. A method for separating carbon nanotubes from contaminants comprising the 
steps of: 

introducing nanotube-containiiig material including contaminm^ 
10 medium contaiiiing at least one dispersal agent to create a iianotube solution; 

agitating the solution to coat exposed surfaces of the nanotubes with dispersal 
agent to form a dispersed nanotube solution; and 

removing excess dispersal agent medium jSrom the dispersed nanotube solution. 

15 38. The method of claim 1, wherein the dispersal agent includes detergents, 

surfactants, emulsifying agents, chaotropic salts, and ion pairing agents. 

39. A method for transforming a carbon nanotube bundle comprised of a plurality of 
carbon nanotubes into discrete, mdividual carbon nanotube filaments comprising the steps of 

20 introducing the nanotube bundle into an aqueous medium containing an effective amount of a 
dispersal agent to substantially disperse the nanotube bundle into individual filaments in sblutidn. 

40. A medium for storing discrete carbon nanotubes comprising an aqueous dispersal 
agent solution containing nanotubes, with the nanotube surfaces being coated with dispersal 

25 agent, the dispersal agent preventing the nanotubes fi:omadhermg to one a^^ 

41. A method of solubilizmg a carbon nanotube bundle into individual carbon 
nanotube filaments in an aqueous medium comprising introducing the nanotube bundle into an 
aqueous medium containing an effective amount of a dispersal agent to substantially disperse.the 

30 nanotube bundle into individual filaments in solution. 
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